Journal  of  Power  Sources  185  (2008)  136-142 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

SllbiautS 


Improvement  of  the  proton  exchange  membrane  fuel  cell  (PEMFC) 
performance  at  low-humidity  conditions  by  adding  hygroscopic  7-AI2O3 
particles  into  the  catalyst  layer 

Wen-Kai  Chao3,  Chih-Ming  Lee3,  Du-Cheng  Tsai3,  Chih-Cheng  Choub, 

Kan-Lin  Hsuehc,  Fuh-Sheng  Shieu3’* 

a  Department  of  Materials  Science  and  Engineering,  National  Chung  Hsing  University,  Taichung  40227,  Taiwan 
b  Department  of  Chemical  Engineering,  National  Chung  Hsing  University,  Taichung  40227,  Taiwan 
c  Department  of  Energy  and  Resources,  National  United  University,  Miaoli  36003,  Taiwan 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  12  March  2008 

Received  in  revised  form  10  June  2008 

Accepted  10  June  2008 

Available  online  27  June  2008 


Keywords: 

Water  management 
PEMFC 
7-Alumina 
MEA 


In  this  study,  hygroscopic  7-alumina  particles  were  added  into  the  catalyst  layer  of  membrane  electrode 
assemblies  (MEAs)  to  improve  the  wettability  and  performance  of  PEMFC  at  low-humidity  conditions. 
Hygroscopic  7-alumina  particles  with  a  BET  surface  area  of  442  m2  g-1  and  an  average  pore  diameter 
of  9  nm  were  synthesized  by  a  three-step  sol-gel  procedure.  Uniform  Pt/C/7-alumina  catalyst  ink  was 
prepared  by  utilizing  an  ultrasonic  method,  and  then  sprayed  on  commercial  hydrophobic  carbon  clothes 
to  serve  as  the  catalyst  layer.  The  water  contact  angles  of  the  catalyst  layer  with  various  amounts  of  7- 
alumina  additions  0%,  10%,  20%  and  40%  were  measured  to  be  136°,  109°,  79°  and  0°,  respectively.  Effect  of 
adding  7-alumina  particles  into  the  catalyst  layer  on  the  single  cell  performance  was  investigated  under 
different  temperatures  of  the  electrode  humidifier.  The  increased  wettability  of  the  cathode  catalyst  layer 
with  7-alumina  addition  reduced  the  cell  performance  due  to  water  flooding,  which  demonstrates  the 
hygroscopic  characteristic  of  7-alumina  particles.  On  the  other  hand,  when  the  7-alumina  particles  were 
added  into  the  anode  catalyst  layer,  it  was  found  that  the  MEA  with  10%  7-alumina  addition  had  the  highest 
current  density  at  anode  humidifier  temperatures  ranging  from  25  to  55  °C.  Nevertheless,  the  MEA  with 
40%  7-alumina  addition  into  the  anode  catalyst  layer  showed  the  lowest  current  density  because  of  the 
high  electrical  resistance  of  the  catalyst  layer  and  the  water  flooding  in  the  anode  caused  by  excess  water 
absorption.  The  increased  wettability  of  the  anode  catalyst  layer  by  an  appropriate  amount  of  7-alumina 
additions  also  enhances  the  water  adsorption  of  the  anode  due  to  back  diffusion. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  is  regarded  as  the  best  and  highly  potential  clean  fuel 
resource  for  the  future.  Proton  exchange  membrane  fuel  cells  (PEM- 
FCs)  using  hydrogen  and  oxygen  as  reactants  are  expected  to  be 
applied  widely  in  transportation,  residence  and  portable  devices  in 
the  next  decade,  providing  a  clean  and  friendly  environment.  This 
is  attributed  to  their  high  energy  conversion  efficiency,  high  power 
density,  simplicity  of  operation  and  near-zero  pollutant  emission, 
compared  with  conventional  combustion  systems  using  fossil  fuels 
[  1  -3  ].  Nation®  membrane,  a  key  component  of  membrane  the  elec¬ 
trode  assembly  (MEA),  is  still  the  most  commonly  used  commercial 
membrane  in  PEMFCs  nowadays  owing  to  its  good  chemical,  physi¬ 
cal  and  thermal  stabilities  with  high  proton  conductivity.  Since  the 
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proton  conductivity  of  the  Nation®  membrane  relies  on  the  dissoci¬ 
ation  of  protons  from  the  constituent  SO3H  groups  in  the  presence 
of  water,  the  membrane  needs  to  be  properly  hydrated  by  a  humid¬ 
ifying  system  to  retain  an  optimum  hydration  level  [4-9].  Low 
humidity  at  the  anode  limits  the  operation  temperature  of  PEM¬ 
FCs  under  80  °C.  Nevertheless,  excess  humidifying  system  increases 
the  complexity  of  the  PEMFC  structure.  In  addition,  CO-poisoning 
usually  causes  a  decrease  in  the  activity  of  Pt  in  the  anode  catalyst 
layer  during  operation  of  the  PEMFCs  at  low  temperature  [10-13]. 
To  solve  these  problems,  a  versatile  membrane  material  capable  of 
maintaining  optimum  hydration  level  at  high  temperatures  under 
low  humidity  conditions  is  necessary. 

Recently,  considerable  research  efforts  have  been  devoted 
to  develop  high  wettability  membrane  operated  under  low- 
humidity  conditions.  One  of  the  effective  approaches  is  to  prepare 
organic-inorganic  composite  membrane  by  incorporation  of  hygro¬ 
scopic  metal  oxide  particles  such  as  Zr02,  Si02  and  Ti02  into 
Nation®  resin,  which  can  keep  appropriate  hydration  level  in  the 
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Fig.  1.  A  schematic  diagram  of  the  7-alumina  added  membrane  electrode  assembly. 


electrodes  under  low-humidity  conditions  [14-27].  Some  studies 
have  synthesized  composite  membranes  by  combining  solid  acids 
and  heteropolyacids  such  as  sulfonated  Zr02,  phosphotungstic  acid, 
and  molydophosphoric  acid,  to  increase  the  acid  sites  that  promote 
local  migration  and  improve  the  proton  conductivity  [28,29]. 

In  PEMFC,  the  catalyst  layer  sandwiched  between  the  gas  diffu¬ 
sion  layer  and  Nation®  membrane  often  contains  Nation®  to  ensure 
the  proton  continuity  and  extend  the  three-phase  boundary.  Under 
low-humidity  conditions,  the  Nation®  binder  in  the  catalyst  layer  is 
prone  to  loss  of  water  content  in  the  electrodes  due  to  its  hydropho¬ 
bic  characteristic,  resulting  in  reduction  of  proton  conductivity  and 
degradation  in  cell  performance.  Therefore,  a  composite  catalyst 
layer  consisting  of  hygroscopic  particles  that  maintain  the  proton 
conductivity  in  the  catalyst  layer  under  low-humidity  is  needed. 
Several  researches  have  proposed  to  prepare  the  composite  cat¬ 
alyst  layer  by  adding  hygroscopic  Si02  particles  into  the  layer  to 
improve  the  wettability  and  performance  of  the  membrane  elec¬ 
trode  assembly  (MEA)  at  low-humidity  conditions  [30,31  ]. 

Being  one  of  the  widely  used  inorganic  materials  in  chemical 
industry,  alumina  is  commonly  used  as  adsorbents,  catalysts,  cat¬ 
alyst  support  and  surface  coatings  in  various  industrial  fields  [32]. 
The  aim  of  this  study  is  to  explore  the  feasibility  of  adding  hygro¬ 
scopic  7-alumina  particles  into  the  anode  catalyst  layer  to  improve 
the  wettability  of  the  anode  under  low-humidity  conditions  by  uti¬ 
lizing  the  Lewis  acid  sites  on  the  surface  of  7-alumina  that  can 
attract  the  hydroxyl  group  of  the  water  molecular  [33-35].  High 
BET  surface  area  7-alumina  particles  were  added  to  the  anode  cat¬ 
alyst  layer  by  using  an  ultrasonic  technique.  The  wettability  of  the 
anode  electrode  was  determined  by  the  sessile  drop  method.  The 
cell  performance  was  evaluated  by  an  electrochemical  polarization 
method  under  different  anode  humidifier  temperatures  with  the 
cell  temperature  set  at  65  °C  and  the  cathode  humidifier  tempera¬ 
ture  at  55  °C. 

2.  Experimental 

2.1  Preparation  of  high  BET  surface  area  y -alumina  particles 

The  7-alumina  particles  were  synthesized  by  a  three-step 
sol-gel  process  (hydrolysis,  condensation,  calcination)  in  basic 


medium  using  aluminum  isopropoxide  (AIP)  as  the  precursor.  First, 
the  hydrolysis  process  of  AIP  was  carried  out  at  ambient  conditions 
for  1  h,  in  which  the  molar  ratio  of  AIP:H20  was  1:100,  and  then 
the  PH  value  of  the  mixture  was  adjusted  to  10.  Subsequently,  the 
temperature  was  raised  to  80  °C  for  the  condensation  process  of 
aluminum  sol  through  evaporation  of  the  solvent,  before  drying 
at  100  °C  for  10  h.  Finally,  the  as-synthesized  aluminum  hydroxide 
powders  were  calcined  at  500  °C  for  6  h  to  form  7-alumina  particles 
via  a  phase  transformation  process. 

2.2.  Preparation  of  membrane  electrode  assembly 

A  20wt%  Pt/C  catalyst,  5wt%  Nation®  solution  (Dupont®),  the 
above-mentioned  7-alumina  particles  and  alcohol  (98%,  Aldrich) 
were  mixed  by  using  an  ultrasonator  for  1  h,  and  then  sprayed 
onto  commercial  hydrophobic  carbon  clothes  (Beam  associate  Co., 
Ltd)  and  dried  at  60  °C  for  3h,  which  served  as  the  anode  elec¬ 
trode.  The  cathode  electrode  was  prepared  by  a  similar  method, 
but  without  the  addition  of  7-alumina  particles.  A  Nation®  112 
membrane  (Dupont®)  was  pretreated  with  5wt%  H202  (Aldrich), 
deionized  water,  1.0  M  H2S04  (Aldrich)  and  deionized  water  at 
80  °C  for  1  h,  sequentially.  Thereafter,  the  Nation®  112  membrane 
(Dupont®)  was  sandwiched  between  the  anode  and  the  cathode 
before  being  hot-pressed  under  100  kg  f  cm-2  at  130  °C  for  2  min.  A 
schematic  diagram  of  the  MEA  structure  is  shown  in  Fig.  1 .  The  Pt 
loading  at  both  anode  and  cathode  was  0.6  mg  cm-2  and  the  effec¬ 
tive  area  of  the  MEA  was  5  cm2.  Table  1  gives  the  compositions  of 
the  MEAs. 

2.3.  Characterization  of  y -alumina  particles  and  Pt/C/ y- alumina 
catalyst  ink 

A  wide  angle  X-ray  diffraction  (XRD)  study  of  the  7-alumina 
particles  was  performed  by  a  MAC  MXP  III  X-ray  diffractometer 
using  Cu  Ka  radiation,  and  the  diffraction  peaks  were  com¬ 
pared  with  the  JCPDS  data  file.  The  pore  size  distribution  and 
Brunauer-Emmett-Teller  (BET)  surface  area  of  the  7-alumina  par¬ 
ticles  were  determined  by  a  Micromeritics  ASAP  2010  system. 
Morphology  of  the  7-alumina  particles  and  the  catalyst  ink  was 
investigated  by  a  JEOL  5400  scanning  electron  microscope  (SEM). 
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Table  1 

Compositions  of  membrane  electrode  assemblies 


MEA 

Weight  fraction  based  on  Pt/C 

Electrode  with 
7-alumina  addition 

20  wt%  Pt/C 

7-Alumina 

5  wt%  Nation®  solution 

AL0 

1 

0 

3 

None 

AL10A 

1 

0.1 

3.3 

Anode 

AL20A 

1 

0.2 

3.6 

Anode 

AL40A 

1 

0.4 

4.2 

Anode 

AL40C 

1 

0.4 

4.2 

Cathode 

AL40A  stands  for  40%  7-alumina  particles  added  in  the  anode  catalyst  layer.  AL40C 
stands  for  40%  7-alumina  particles  added  in  the  cathode  catalyst  layer. 


Electrical  resistance  of  the  catalyst  ink  was  measured  by  a  Keith- 
ley  6517A  powder  electrical  resistance  instrument.  The  sessile  drop 
method  using  a  Fat  200  contact  angle  system  was  used  to  mea¬ 
sure  the  contact  angle  of  water  on  a  solid  surface.  Catalyst  ink  was 
sprayed  onto  one  side  of  commercial  hydrophobic  carbon  clothes, 
and  then  dried  at  60  °C  for  30  min.  Each  sample  was  measured  at 
different  locations  five  times  and  the  average  value  of  water  contact 
angle  was  calculated. 

2.4.  Measurement  of  polarization  curves 

A  fuel  cell  test  station,  Beam  100  from  Beam  associate  Co.,  Ltd, 
was  used  to  measure  the  polarization  curves  of  a  5  cm2  single  cell 
with  the  serpentine  flow  pattern  as  shown  in  Fig.  2.  Hydrogen  and 
oxygen  served  as  fuels  and  the  gas  flow  rate  (100  cm3  min-1)  for 
hydrogen  and  oxygen  was  kept  constant  during  measurement.  Dif¬ 
ferent  anode  humidifier  temperatures  at  25, 35, 45,  and  55  °C  were 
designed  to  investigate  the  influence  of  anode  humidification  on 
cell  performance.  The  cell  temperature  and  the  cathode  humidifier 
were  fixed  at  65  and  55  °C,  respectively.  The  polarization  measure¬ 
ment  was  conducted  at  ambient  conditions. 


Fig.  3.  Wide  angle  X-ray  diffraction  spectra  of  the  as-synthesized  aluminum  hydrox¬ 
ide  and  the  calcined  powders. 


3.  Results  and  discussion 

3.1  Characterization  of  y -alumina  particles  and  Pt/C/y- alumina 
catalyst  ink 

Fig.  3  displays  the  wide  angle  X-ray  diffraction  (XRD)  spec¬ 
tra  of  the  as-synthesized  aluminum  hydroxide  powders  and  that 
calcined  at  500  °C.  It  reveals  that  a  chemical  structural  transfor¬ 
mation  has  occurred  upon  the  calcination  process.  The  structure 
of  the  as-synthesized  aluminum  hydroxide  is  in  accord  with  that 
of  boehimite  (AlOOH)  and  the  calcined  powder  corresponds  to  the 
crystalline  phase  of  7-alumina  (7-AI2O3 ),  by  comparing  the  20  val¬ 
ues  of  the  diffraction  peaks  with  those  of  the  standard  compounds 


Fig.  2.  A  schematic  diagram  of  the  polarization  testing  system. 
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Fig.  4.  N2  adsorption  isotherm  and  pore  size  distribution  of  the  7-alumina  particles. 
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reported  in  the  JCPDS  data  file.  The  chemical  reaction  for  the  trans¬ 
formation  of  boehimite  is  as  follows  [36]: 

Al3+  +  3H20  A100H(s)  +  3H+  log/C  =  -8.58 

Fig.  4  presents  the  nitrogen  adsorption  isotherm  and  the  pore 
size  distribution  (inset)  of  7-alumina  particles.  The  shape  of 
the  isotherm  curve  is  similar  to  that  of  the  classical  type  IV  of 
Brunauer  isothermal  adsorption  curve  (IUPAC  classification),  typ¬ 
ically  characterized  to  be  the  mesoporous  materials.  A  hysteresis 
loop  occurred  at  high  relative  pressure  (P/P0  =  0.7-0.9).  The  BET 
surface  area  of  the  7-alumina  synthesized  by  this  sol-gel  proce¬ 
dure  is  442  m2  g-1  and  the  mean  pore  diameter  is  9nm,  which  is 
in  the  range  of  the  mesoporous  materials.  The  field  emission  SEM 
micrograph  in  Fig.  5  shows  the  sphere-like  microstructure  of  the 
7-alumina  particles. 

The  Pt/C/7-alumina  catalyst  ink  consists  of  Pt /C  catalyst,  Nation® 
solution,  alcohol  and  7-alumina  particles,  as  listed  in  Table  1.  The 
ink  was  analyzed  by  wide  angle  X-ray  diffraction  (XRD)  and  field 
emission  scanning  electron  microscopy  (SEM)  to  understand  its 
microstructure  and  the  distribution  of  7-alumina  particles  therein. 
Fig.  6  shows  the  wide  angle  X-ray  diffraction  (XRD)  spectra  of  the 
Pt/C  catalyst  ink  and  the  Pt/C/7-alumina  catalyst  ink.  The  diffrac¬ 
tion  peaks  clearly  demonstrates  the  presence  of  Pt,  Carbon  black 
and  7-alumina  at  the  20  values  of  31.8°,  39.3°,  and  60.5°.  Fig.  7 


Fig.  5.  Field  emission  SEM  micrograph  of  the  7-alumina  particles. 


Fig.  6.  Wide  angle  X-ray  diffraction  spectra  of  the  Pt/C  catalyst  and  Pt/C/7-alumina 
catalyst  ink. 

gives  the  field  emission  SEM  images  of  the  Pt/C/7-alumina  cat¬ 
alyst  inks  with  10%,  20%  and  40%  of  7-alumina  addition.  These 
images  indicate  that  the  7-alumina  particles  are  well-dispersed  in 
the  catalyst  layer,  even  for  the  40%  7-alumina  addition.  Table  2 
presents  the  electrical  measurement  results,  in  which  the  elec¬ 
trical  resistance  of  the  Pt/C/7-alumina  catalyst  ink  with  various 
amounts  of  7-alumina  addition  is  given.  Specifically,  the  electrical 
resistance  of  the  Pt/C/7-alumina  catalyst  ink  with  20%  7-alumina 
addition  is  about  two-order  of  magnitude  higher  than  that  of  the 
Pt/C/7-alumina  catalyst  ink  with  10%  7-alumina  addition.  The  later 
is  nearly  three-order  of  magnitude  higher  than  that  without  7- 
alumina  addition.  This  huge  change  in  electrical  resistance  could 
cause  a  significant  impact  on  the  cell  performance.  In  summary, 
the  electrical  resistance  of  the  catalyst  ink  increases  dramatically 
with  the  amount  of  added  7-alumina. 

3.2.  Water  contact  angle  of  the  catalyst  layer 

The  hydrophilic  characteristics  of  the  Pt/C/7-alumina  catalyst 
layer  in  the  membrane  electrode  assembly  (MEA)  were  further 
investigated  by  using  the  sessile  drop  method.  Fig.  8  presents  the 
water  droplet  images  on  each  catalyst  layer  with  various  amounts 
of  added  7-alumina.  The  water  contact  angles  of  the  catalyst  layer 
with  various  amounts  of  7-alumina  0%,  10%,  20%  and  40%  are  136°, 
109°,  79°  and  0°,  respectively.  In  other  words,  the  water  contact 
angle  decreases  as  the  amount  of  7-alumina  increases.  The  wetta¬ 
bility  of  7-alumina-added  catalyst  layer  differs  obviously  from  that 
of  the  Pt/C  catalyst  layer  and  is  strongly  related  to  the  amount  of 
added  7-alumina.  A  comparison  with  the  results  of  adding  Si02  par¬ 
ticles  into  the  catalyst  layer  [30]  indicates  that  7-alumina  exhibits 
better  wettability  than  Si02  for  the  same  amount  of  addition. 

3.3.  Single  cell  polarization  test 

3.3 A.  Adding  y -alumina  to  the  cathode  catalyst  layer 

It  is  known  that  when  the  temperature  of  the  cathode  humidi¬ 
fier  is  too  high,  excess  water  could  be  produced  in  the  cathode  and 
then  water  flooding  occurs.  Under  flooding  conditions,  water  accu¬ 
mulates  at  the  channels  of  bipolar  plate,  the  gas  diffusion  layer  and 
the  catalyst  layer,  preventing  the  oxygen  from  accessing  the  catalyst 
layer,  and  resulting  in  degradation  in  the  cell  performance.  Fig.  9, 
polarization  curves  of  the  MEAs  measured  at  the  anode  and  cath¬ 
ode  humidifier  temperature  55  °C  and  the  cell  temperature  65  °C, 
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Fig.  7.  Field  emission  SEM  micrographs  of  the  Pt/C/7-alumina  catalyst  ink  with 
different  7-alumina  addition  (a)  10%,  (b)  20%,  (c)  40%. 


Table  2 

Electrical  properties  of  the  Pt/C/7-alumina  catalyst  ink 


7-Alumina  content  (%) 

Electrical  resistance  (ft) 

Electrical  conductivity  (S  cm-1 ) 

0 

6.91  x  105 

1.449  x  10“6 

10 

2.31  x  108 

2.165  x  10-9 

20 

1.2  xlO10 

4.167  x  10-11 

40 

2.1  x  1011 

2.381  x  10-12 

Fig.  8.  The  results  of  contact  angle  measurement  using  water  droplets  on  the  Pt/C 
catalyst  layer  with  (a)  0%,  (b)  10%,  (c)  20%,  (d)  40%  7-alumina  additions. 


indicates  a  considerable  decline  in  the  current  density  of  the  MEA 
with  40%  7-alumina  addition  in  the  cathode  catalyst  layer.  The  MEA 
made  of  AL40C  catalyst  ink  containing  40%  hygroscopic  7-alumina 
particles  in  the  cathode  catalyst  layer  gives  rise  to  severe  water 
flooding,  compared  with  the  MEA  without  7-alumina  addition.  In 
this  case,  water  flooding  occurred  not  only  in  the  catalyst  layer 
but  also  in  the  gas  diffusion  layer  and  the  channels  of  the  bipolar 
plate.  This  result  demonstrates  that  adding  hygroscopic  7-alumina 
particles  to  the  cathode  catalyst  layer  is  detrimental.  However,  it 
suggests  that  the  hygroscopic  7-alumina  particles  could  be  utilized 
to  improve  the  wettability  of  the  anode  catalyst  layer  as  discussed 
below. 

3.3.2.  Adding  y-alumina  to  the  anode  catalyst  layer 

A  polarization  test  with  various  amounts  of  7-alumina  added  to 
the  anode  catalyst  layer  was  carried  out  at  different  temperatures 
of  the  anode  humidifier  with  the  temperature  of  single  cell  and 
the  cathode  humidifier  fixed.  The  cell  performance  was  evaluated 


Fig.  9.  Polarization  curves  of  MEAs  measured  at  the  anode  and  cathode  humidifier 
temperature  55  °C  and  the  cell  temperature  65  °C,  respectively. 
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Fig.  10.  Polarization  curves  of  the  MEAs  measured  at  different  anode  humidifier  temperatures  (a)  25  °C,  (b)  35  °C,  (c)  45  °C,  (d)  55  °C  with  the  cell  temperature  at  65  °C  and 
the  temperature  of  cathode  humidifier  at  55  °C,  respectively. 


on  the  basis  of  voltage  versus  current  density  curves  as  shown  in 
Fig.  10. 

Fig.  10(a)  plots  the  polarization  curves  for  which  the  tem¬ 
perature  of  the  anode  humidifier  is  25  °C.  It  can  be  seen  that 
the  order  of  the  current  density  at  the  cell  voltage  0.1  V  is 
ALIO  A  >  AL20A  >  AL0  >  AL40A.  This  result  proves  the  feasibility 
of  improving  low-humidity  performance  of  MEAs  by  adding 
7-alumina  particles  into  the  anode  catalyst  layer  because  the  wet¬ 
tability  of  the  anode  is  improved.  It  is  also  noted  that  the  current 
density  of  the  MEA  AL20A  at  0.1  V  is  lower  than  that  of  AL10A, 
but  higher  than  that  of  AL0.  Similarly,  the  current  density  of  MEA 
AL40A  at  0.1  V  is  much  lower  than  that  of  AL0  because  of  the  high 
anode  electrical  resistance.  In  general,  if  the  improvement  of  cell 
performance  is  due  only  to  the  uptake  of  water  from  an  external 
humidifier,  then  the  current  density  would  not  change  noticeably 
[30].  Flowever,  a  considerable  difference  in  the  current  density  was 
observed,  indicating  a  back  diffusion  has  occurred  in  the  anode. 
Consequently,  7-alumina  particles  have  assisted  the  adsorption  of 
water  by  simultaneous  external  humidification  and  back  diffusion. 

Fig.  10(b)  gives  the  polarization  curves  for  which  the  tem¬ 
perature  of  the  anode  humidifier  is  35  °C.  The  current  density 
of  MEAs  at  the  cell  voltage  of  0.1  V  follows  the  sequence 
ALIO  A  >  AL0  >  AL20A  >  AL40A.  The  current  density  of  the  MEA 
AL20A  exceeds  that  of  AL0  in  the  high  cell  voltage  range  ( >0.3  V),  but 
is  lower  than  that  of  AL0  at  low  cell  voltage  (<0.3  V),  very  likely  due 
to  the  excess  water  adsorbed  by  the  7-alumina  particles,  causing 


flooding  in  the  anode.  Fig.  10(c)  shows  the  polarization  curve  of  the 
cell  at  anode  humidifier  temperature  45  °C.  The  current  density  of 
MEAs  at  0.1  V  follows  similar  order  as  that  of  anode  humidifier  tem¬ 
perature  35  °C,  except  that  the  current  density  of  the  MEA  AL20A  is 
always  lower  than  that  of  AL0  over  the  entire  range  of  cell  voltages. 
Fig.  10(d)  plots  the  polarization  curve  when  the  temperature  of  the 
anode  humidifier  is  55  °C.  The  current  density  of  the  MEAs  at  the 
cell  voltage  of  0.1  V  follows  the  order  AL10A  >  AL0  >  AL20A  >  AL40A, 
but  the  difference  in  current  density  between  AL10A  and  AL0  is 
smaller  than  those  at  other  anode  humidifier  temperatures.  Since 
the  wettability  of  the  anode  was  better  at  this  temperature,  adding 
7-alumina  particles  into  the  anode  catalyst  layer  seems  useless.  The 
current  density  of  the  MEA  AL40A  was  the  lowest  at  each  tempera¬ 
ture  of  the  anode  humidifier,  and  the  value  decreased  significantly 
as  the  temperature  increased  because  of  the  high  electrical  resis¬ 
tance  and  the  absorption  by  7-alumina  particles  of  excess  water 
that  accumulated  in  the  channel  of  the  anode  bipolar  plate. 

The  cell  performance  is  determined  by  a  competition  mecha¬ 
nism  between  the  wettability  of  the  catalyst  layer  in  the  MEA  and 
internal  resistance  of  the  cell.  Theoretically,  the  dryer  anode  gas 
needs  a  higher  amount  of  7-alumina  addition  to  retain  its  optimum 
hydration  level.  Flowever,  as  given  in  Table  2,  the  electrical  resis¬ 
tance  of  the  anode  catalyst  ink  with  20%  7-alumina  addition  is  about 
two-order  of  magnitude  higher  than  that  of  the  10%  7-alumina 
addition.  In  contrast,  the  saturation  water  vapor  pressure  at  each 
10  °C  increment  of  temperature  is  only  increased  by  less  than  two 
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Table  3 

Saturation  vapor  pressure  of  water 


Fig.  11.  The  internal  resistance  versus  7-alumina  addition  curves  at  different  anode 
humidifier  temperatures  with  the  cell  temperature  at  65  °C  and  the  cathode  humid¬ 
ifier  temperature  at  55  °C. 


times,  as  given  in  Table  3.  Therefore,  it  can  be  concluded  that  the 
effect  of  electrical  resistance  of  the  catalyst  ink  with  7-alumina 
addition  is  apparently  surpassed  that  of  the  anode  humidifier  tem¬ 
perature.  Nevertheless,  it  is  known  that  the  electrical  resistance 
of  the  catalyst  ink  might  be  differed  from  the  internal  resistance 
of  the  single  cell,  which  can  be  calculated  from  the  polarization 
curves.  For  further  understanding,  the  empirical  equations  from  Tu 
et  al.  [37]  were  adopted  to  estimate  the  internal  resistance  of  the 
single  cell  from  the  polarization  curves,  and  the  result  is  plotted  in 
Fig.  11.  As  can  be  seen,  the  internal  resistance  increases  consider¬ 
ably  with  the7-alumina  addition  from  10  to  40wt%,  in  particular, 
at  high  anode  humidifier  temperatures,  e.g.  45  and  55  °C.  The  inter¬ 
nal  resistances  with  10wt%  7-alumina  addition  reach  the  lowest 
value  at  the  anode  humidifier  temperatures  of  25, 35  and  45  °C  due 
to  the  proper  hydration  level  was  achieved  by  adding  7-alumina 
in  the  catalyst  layers  to  reduce  the  internal  resistance.  This  result 
further  confirms  that  the  amount  of  7-alumina  addition  is  directly 
related  to  the  internal  resistance,  which  plays  an  important  role  in 
the  control  of  cell  performance.  In  addition,  it  is  noted  that  the  trend 
of  the  internal  resistance  with  7-alumina  addition  is  quite  similar 
to  that  of  the  electrical  resistance  of  the  catalyst  ink,  except  that 
the  catalyst  ink  without  7-alumina  addition  always  has  the  lowest 
electrical  resistance. 

4.  Conclusion 

Hygroscopic  7-alumina  particles  with  a  BET  surface  area  of 
442  m2  g-1  and  an  average  pore  diameter  of  9  nm  were  synthe¬ 
sized  by  a  three-step  sol-gel  process.  These  7-alumina  particles 
were  added,  up  to  40%,  to  the  catalyst  layer  of  MEAS  by  utilizing  an 
ultrasonic  technique.  The  water  contact  angle  of  the  catalyst  layer 


with  added  7-alumina  was  measured  by  a  sessile  drop  method  at 
ambient  conditions.  It  was  observed  that  as  the  amount  of  added 
7-alumina  was  increased,  the  water  contact  angle  became  smaller 
and  the  wettability  improved.  Among  all  the  specimens  in  which 
7-alumina  particles  were  added  to  the  anode  catalyst  layer,  the 
MEA  with  10%  7-alumina  addition  exhibits  the  highest  current  den¬ 
sity  at  different  anode  humidifier  temperatures  ranging  from  25 
to  55  °C.  Since  the  cell  performance  is  determined  by  a  competi¬ 
tion  mechanism  between  wettability  and  the  variation  of  electrical 
resistance  caused  by  upon  7-alumina  addition,  it  is  found  that 
the  optimum  concentration  of  7-alumina  in  the  Pt/C  catalyst  layer 
is  about  10%.  In  addition,  it  is  noticed  that  better  wettability  of 
the  MEA  facilitates  the  adsorption  of  water  to  the  anode  by  back 
diffusion. 
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